Nowadays NH 3 is exclusively synthesized by the Haber process. Unfortunately, the energy demand and the CO 2 emissions due to H 2 production are high. Hydrogen production utilizes precious carbon sources such as coal and natural gas. In the past we proposed an alternative process concept using a membrane electrode assembly in an electrochemical membrane reactor (ecMR). At the anode H 2 O is oxidized at an IrMMO catalyst to form protons. By applying an external potential to the ecMR N 2 is reduced to NH 3 at the cathode.
Please note that technical editing may introduce minor changes to the text and/or graphics, which may alter content. The journal's standard Terms & Conditions and the Ethical guidelines still apply. In no event shall the Royal Society of Chemistry be held responsible for any errors or omissions in this Accepted Manuscript or any consequences arising from the use of any information it contains. is carried out by the Haber-Bosch process, which suffers from two disadvantages. The process is operated at 150 -200 bars and 400 -500°C and around 2 tons CO 2 are emitted per ton produced NH 3 using natural gas for the production of H 2 2 . Additionally, the HaberBosch process is one of the most energy intensive industrial processes contributing 1 -3% to the global energy demand 3 . Large-scale NH 3 synthesis mainly uses a promoted Fe 3 O 4 catalyst. A Ru based catalyst would be more favorable due to its higher catalytic activity.
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However, the raw material price is too high for a large-scale application and Ru is poisoned by H 2 . 4, 5 To overcome the disadvantages of the Haber-Bosch process a more sustainable and potentially cost saving alternative for NH 3 synthesis is desirable. One potential alternative is the application of an electrochemical membrane reactor (ecMR) at ambient conditions 6 . The core of this reactor is a membrane electrode assembly (MEA), which consists of a polymer proton exchange membrane (PEM) and two metal electrodes pressed into the PEM from Randomly structured metal felts with certain porosity and high specific surface area are used as electrodes in the ecMR 8 . These metal felts are either directly prepared out of the catalytic material, e.g. Fe, or thin coatings in the range of 1 µm of the desired metals, e.g. Rh and Ru
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Physical Chemistry Chemical Physics Accepted Manuscript 4 have to be applied on a proper support material. The support material has to withstand severe conditions, such as corrosion based on the applied direct current or formed anodic O 2 , acidic conditions due to the applied H + modified PEM and temperatures up to 120°C 9 . A suitable support material is Ti. In air, a thin around 10 nm thick corrosion resistant TiO 2 layer is formed. Unfortunately TiO 2 has a lower conductivity compared to pure Ti and the surface is quite smooth. For a successful coating the TiO 2 layer has to be removed prior to the coating process by etching with hot concentrated HCl. 10 In a wide variety of industrial processes such as electronics or the automotive industry electroplating is a key method for preparing thin metal layers. Even though there are many alternatives such as chemical vapor deposition, electroless deposition and atomic layer deposition, electroplating is used nevertheless due to its easy handling and economic aspects. 11 Electroplating on flat Ti surfaces such as discs 12 or foils 13 is a known technique for preparing thin catalyst layers on a corrosion resistant support material. Allen et al. even
deposited Pt-based electrocatalysts on regular structured Ti expanded metal meshes by electroplating 14 . However, to the best of our knowledge no research has been reported so far on electroplating on randomly structured Ti felts. This paper aims to give an easy and highly efficient method for galvanic coatings of Rh and Ru on randomly structured Ti felts.
Based on polarization curves, the influence of the applied charge, i.e. the applied current and plating time, on the deposition process is investigated. First activity measurements with the coated electrodes are presented and an economical estimation is given, whether Rh or Ru is more feasible for an electrochemical NH 3 synthesis process using an ecMR.
Electroplating and parameters
During electroplating of metals solid deposits are formed based on chemical reactions occurring at the surface of conductive materials. The electron charge transfer takes place between the cathode and a metal ion dissolved in an electrolyte. 15 Depending on the use of a soluble or passive anode the concentration of the dissolved metal ions stays constant or decreases in time. For the coating of Rh or Ru a passive anode, e.g. a platinized Ti electrode 5 is used and the electrolyte has to be replaced or refreshed from time to time for constant plating conditions. Since no oxidation of the anode material occurs, dissolved components of the electrolyte, e.g. SO 4 2-ions have to be oxidized.
The main objective of electroplating is to form regular deposits of the desired metal on the support material. Several parameters such as agitation of the electrolyte, temperature, concentration, pH and composition of the electrolyte and the applied current density influence the coating quality and properties. 11 Agitation of the plating bath prevents concentration polarization and gradients in the electrolyte. Depletion of metal ions and formation of pin holes close to the cathode surface are avoided. The morphological structure of deposits is influenced as well. To some extent coarser deposits can be formed and impurities can get embedded. 16, 17 Controlling the temperature is crucial for high quality electroplating. In a temperature interval of 5°C around the optimum plating temperature high quality coatings are achieved and sufficient plating rates are accessible. In general a higher temperature leads to a higher plating rate. 17 The composition of the electrolyte affects the appearance of the coating as well. For Cu coatings it is well known that the addition of Cl -ions leads to a smoother surface with smaller grain size 18 act as catalyst for the cyclic electrolysis process. Finally, the applied current density has to be matched to the applied temperature and to the electrolyte composition by measuring polarization curves. A low current density will result in a low coating rate and defects in the support material will eventually not be coated at all. Furthermore the deposits contain more impurities and residual stress and changing material properties are the consequences. At 6 high current densities rough deposits are formed. However, with increasing coating thickness the surface gets smoother. Additionally a high current density does not automatically increase the plating rate, but burned coatings can be formed. At high current densities not only the desired metal ions are reduced, but also H 2 is formed. The formed H 2 can creep underneath a coating layer causing delamination. 11, 16 Not only the magnitude of the applied current density is important, but also the current distribution on the electrode surface. Metal ions will not deposit evenly over a large surface, but rather will emerge at preferential domains. The surface of planar support materials develops a certain roughness. There are spots which are closer to the counter electrode, resulting in a localized higher current density. Both, the preferred spots and the localized higher current density, lead to a heterogeneous distribution of the coating on the plating target. A homogeneous electric field parallel to the plating target can support an equal current distribution. 17 Controlling the current density and the current distribution on the electrode surface is crucial for high quality plating results. Considering the nature of randomly structured support materials like the meshes used in this study, obviously the distribution of the coating will be influenced by the heterogeneous distribution of the current.
The mentioned parameters influence the shape and position of the polarization curve measured for a particular electrolyte. A typical polarization curve can be divided in four parts depending on varying rate limiting factors 21, 22 .
(a) The first part corresponds to the activation or transfer polarization. The applied potential leads to dissociation and ionization of the desired metal. With increasing potential the resulting current density stays close to zero and the process is determined by the kinetics of the electrode reactions. The rate limiting step is the transfer of metal ions through the electrode electrolyte interface.
(b) The second part corresponds to the concentration polarization domain. The applied potential mainly leads to the deposition of metal ions. The number of discharged and deposited ions is rising and the current density and the diffusion rate are increasing as well.
The rate limiting step is the depletion of metal ions close to the cathode surface. However, 7 diffusion limitation increasingly hampers the supply of ions out of the bulk of the solution through the Nernst layer towards the electrode surface.
(c) The third part corresponds to the domain of the limiting current. The current density stays constant at the value of the limiting current density and the ion concentration at the surface has reached a value close to zero. The rate limiting step is the diffusion of metal ions.
(d) The fourth part corresponds to the post limiting region. An additional reaction such as codeposition or H 2 evolution takes place to further increase the current density. The pH increases at the cathode and metal hydroxides can be incorporated into the metal deposit 17 .
The current efficiency decreases and the plating appearance will be rough 22 .
By choosing current densities which lie within the second part of the polarization curve, the best plating results should be achieved.
Electroplating of Rhodium and Ruthenium
Electroplating of platinum group metals such as Rh and Ru is relevant for high temperature corrosion protection, low resistance contacts and for preparing thin catalyst layers. Rh and Ru catalysts are particular interesting for electrochemical processes such as the electrochemical NH 3 synthesis or the oxidation of H 2 O to produce H 2 . However, the raw material prices are high and thin electrodeposited catalyst layers are desirable.
Rhodium
Rhodium is an ideal metal for electrical applications, finishes on scientific and surgical instruments and as contact material in radio frequency circuits since there is no oxide layer present on Rh at ambient conditions. 23 Furthermore deposits of Rh are hard, show low abrasion and are corrosion resistant. According to the volcano plot presented by Skúlason et al. 7 the catalytic activity of Rh and Ru for the electrochemical NH 3 synthesis is comparable.
However, Rh is around 17 times more expensive than Ru (see also 23 . Contrary, the current efficiency increases with temperature, but decreases with decreasing current density. 23, 28 Typically Rh is electrodeposited from sulfate electrolytes at the following conditions listed in Table 1 . Electrodeposition of Rh is widely applied on different substrate materials for several applications. Brylev and his co-workers intensively worked on the electrodeposition of Rh on pyrolytic graphite electrodes for the reduction of nitrate and nitrite [31] [32] [33] . Several works have been published on the electrodeposition of Rh on Pt electrodes and Pt and Au single-crystals to investigate its electrochemical and electrocatalytic properties, e.g. the adsorption capacity for CO and NO [34] [35] [36] [37] [38] . Quite recently, Rh was electrodeposited from ionic liquids by Jayakumar et al. 39, 40 . There are also some works on electrodeposition of Rh on Ti substrates 29, 41, 42 , but to the best of our knowledge there are no reports available about electrodeposition of Rh on Ti felts.
3.2 Ruthenium
Being much cheaper than Rh, Ru is even more interesting for the electrochemical NH 3 synthesis. Electrodeposited Ru is hard, has a high wear and arc resistance and shows good electrical conductivity [43] [44] [45] [46] . Even at ambient conditions Ru quite readily forms a protective RuO 2 layer. However, in contrast to TiO 2 , this oxide layer has the same conductivity as pure Ru 45, 47 .
Electrodeposition of Ru is a well investigated cheaper method for the preparation of electrical contacts instead of using Au or Rh 46 . In 1936 a patent by Zimmermann and Zschiegner announced the electrochemical deposition of Ru for the first time using various nitrosyl ruthenium complexes 48 . Only 20 years later Volterra was able to electrodeposit Ru on Ag for electrical contacts. However, the formation of toxic RuO 4 at the anode was an undesired parallel reaction 47, 49, 50 . A detailed investigation of Ru electrolytes was carried out by Reid and Blake 50 . They used a ruthenium nitrosyl sulphamate plating solution which was derived from 46 was electrodeposited prior to the actual coating experiments.
BET surface measurements
The used Ti felts are randomly structured, thus the specific surface area had to be determined to calculate the resulting current density for the coating experiments. The surface area was measured with a BET device (ASAP 2020, Micromeritics) using Kr as measuring gas. Prior to each measurement the Ti felts were pretreated at 80°C for 60 min under vacuum to desorb adsorbed molecules from the surface. The surface area was calculated using the BET-isotherm. Three samples of each 7 x 7 cm² were measured resulting in an average mass related surface area of 717 cm²/g with a maximum relative deviation of 0.42%.
The average specific surface area is 19 m²/m². The Ti felts were not etched prior to the BET measurements. For the calculation of current densities the surface area of the pre-cleaned Ti felts was used.
Electroplating: Experimental setup and conducted experiments
The coating experiments were conducted in a glass beaker filled with 100 ml electrolyte. The
Ru electrolyte was kept at constant temperature of 65°C, while the Rh electrolyte was used at 25°C. Both electrolytes were magnetic stirred at 100 rpm (RCT classic IKAMAG). A potentiostat / galvanostat (PGSTAT302N, Metrohm Autolab) was used as direct current 12 supply. The square plating target, connected to the working electrode of the potentiostat, had a size of 1.5 x 1.5 cm². At the anode platinized Ti expanded metal electrodes (Wieland Edelmetalle GmbH) were used as insoluble counter electrodes. To achieve homogeneous coating results, two counter electrodes were positioned parallel to the plating target. For polarization measurements an Ag/AgCl reference electrode (Metrohm Autolab) was applied.
The duration of each experiment was dependent on the applied current density and the desired charge. To be comparable and for stable operation conditions the plating electrolytes were refreshed regularly.
First both for Rh and Ru polarization curves were measured to identify proper current density regions for successful coatings. For four different chosen current densities varying plating times were calculated based on fixed charge numbers (see Table 3 and 4). Several sets of experiments were conducted to investigate the influence of the applied charge and plating time one the resulting coatings. The plating bath temperature, composition and pH value
were not varied.
The mass of the coating layer is proportional to the plating time. At constant current the transferred charge Q increases with increasing plating time. According to Faraday`s law the mass m of a deposited metal can be calculated as:
where M is the molar mass of the desired metal, F is the Faraday constant equal to 96485 C/mol and z the charge number of the metal ion. 
Results

Pretreatment of randomly structured Ti felts
For successful coatings a rough surface with many re-entrant angles is necessary. Therefore the Ti felts were etched in 20 wt% HCl at 90°C for one to five minutes (see Figure 1) after the pre-cleaning step. With increasing etching time, more TiO 2 gets removed and the surface gets more structured. The grain boundaries and the intergranular material are more affected by the acid than the grain`s surface itself. In the first three minutes mainly intergranular material is removed, whereas in the fourth and fifth minute additionally the grain surface is etched as well. After five minutes the single grains are visible, but the surface roughness has not increased significantly compared to the four minute sample. However, due to the deep intergranular gaps, the mechanical stability of the five minute sample is reduced noticeably.
15
The etching for four minutes is a compromise between the achieved surface roughness and the mechanical stability of the etched Ti felts. and 30 C were calculated (see Table 3 ). 
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The lower two current densities lie in the concentration polarization region of the polarization curve and optimal coating results should be achievable. The third current density is close to the starting point of the post limiting region and the fourth current density lies fully in the H 2 evolution region, meaning the coating quality should be reduced noticeable. In literature optimal current densities of 1 -4 A/dm² were announced for simple geometries such as plates and wires 23, 29, 41 . However, the measured polarization curve clearly gives the optimal plating range at current densities below 0.1 A/dm². The lower current densities can be caused by the three dimensional structure of the Ti felts. The felts are quite dense and inner parts may not be coated by Rh at all, resulting in lower currents measured.
Contrary to Rh, for Ru the OCP is +36 mV and the resulting current density is slightly positive being 0.03 mA/dm². At the offset potential of -314 mV the current density increases linearly.
A limiting current density was not detectable in the investigated potential range. To make sure that the limiting current region was not overseen, measurements with potential changes of 5 mV and 0.5 mV every 45 seconds respectively were conducted as well. There were no differences in the polarization curves visible. Similar to Rh, also for Ru four current densities were chosen and the resulting plating times were calculated for charge values between 15
and 105 C (see Table 4 ). samples also show a granular structure. Furthermore, the structure of the 96 mA/dm² sample shows a lot of defects and columnar structures. With increasing current density the average grain diameter is increasing as well and the surface gets rougher. According to literature, the surface gets smoother with increasing coating thickness, while at higher current densities a rough surface is formed 16 . Pushpavanam reports that cracking mainly occurs for thick Rh coatings 23 . When looking at the deposited masses for the different current densities, this suggestion is confirmed (see Figure 5 ). At 48 mA/dm², 3C 1.0 mg Rh was deposited. Contrary at 24 mA/dm², 30C 10.1 mg Rh were deposited. When assuming that all samples have the same average surface area, the thickness of the coating is increasing with increasing deposited mass. The 24 mA/dm² sample shows the highest mass increase and is also the crack-richest one. As described before, material deposited at lower current densities can obtain impurities which increase 21 residual stress. Cracks in the coating can be the consequence. Here, the sample coated at the lowest current density shows only minor cracks. However, only 0.4 mg Rh was deposited, resulting in a quite thin coating layer. Thus the structure of the support material is still present. Peaks for C, O, Rh and Ti are visible. The C peak occurs due to the carbon adhesive tape used to fix the samples on the sample holders. Only a small peak for O appears, thus no Rh-O compounds were formed. Since the thickness of the Rh coating is low compared to the diameter of the Ti fibers, a relatively large Ti peak is visible as well. However, the Rh peak is the largest one, which is also confirmed by the EDX mappings shown in the bottom line of The lower the overpotential is, the higher is the activity of the catalyst for the investigated reaction. Figure 12b 7 , the activity of Rh should be slightly higher than the one of Ru.
There are a few works reported in literature on the electrochemical synthesis of NH 3 in liquid phase by Furuya and Hoshiba 69-71 , Tsuneto et al. 72, 73 and Köleli and Röpke 74, 75 . Production rates between 6.3*10 -12 75 and 6.4*10 -9 mol s -1 cm -2 71 were achieved. However, complex metal phthalocyanine cathodes [69] [70] [71] , organic solvents mediated by LiClO 4 72,73 or Pt electrodes coated with polyaniline or polypyrrole at high N 2 pressures of up to 50 bars 74, 75 were used.
Apparently, we find comparable production rates but our electrochemical cell used here comprises an ordinary three electrode configuration and an aqueous electrolyte.
Economical estimation
To answer the question whether Rh or Ru as potential cathodic catalyst in an ecMR is more feasible, several aspects have to be considered. The first aspect relates to the costs for an efficient plating of Rh and Ru. Table 5 gives an overview about cost relevant numbers. analysis is based on the assumption that liquid phase catalysis proceeds following the same principles as a gas phase catalysis using our proposed membrane electrode assembly in an electrochemical membrane reactor. This needs to be analyzed and verified through systematic electrochemical characterization.
Conclusion
In this work we presented an easy and highly efficient method for galvanic coatings of Rh and Ru on randomly structured Ti felts. Due to the random structure of the Ti felts, the pretreatment with 20 wt% HCl was optimized. Based on polarization curves, proper plating were identified. The current necessary for a successful and high quality coating of Ru is much higher than for Rh. The optimal current density for Ru was 115 mA/dm², while for Rh 
